it * * 
f ^ AUG5 J938 

TECHNICAL MEUOEAUDUliS 
iTATIOlTAL ADV3ESOEY COHMIl'TEE POE AEEO1IAUTI0S 



3 



Bo. 871 



PEEPOEMANOE. OP EOTATIHG^WIHG AIECEAPT 
By E. Hobenenaer 

IngenteTir-Archlv, Vol. 8, December 1937 

■ A* 

■ r >^"^- ^'-i 



*•■■■', 



TTashington 
July 1938 




1 



3 1176 01440 3622 



HATIOHAL ADVISORY COMMITTEE FOR AERONAUTICS 



TECHNICAL ME1J0EANDTJH NO. 871 



PERFORMANCE OF ROTATING-WING AIRCRAFT* 
By K. Hohenemaer 

I. INTRODUCTION 



A large amount of both theoretical and experimental 
information published lately has been devoted to the per- 
formance of rotatlng-wing aircraft. The term "rotating- 
wing aircraft," in the narrower sense, is limited herein- 
after to aircraft whose gross weight is taken up by one o] 
more rotors with a generally vortical axis. For these tho 
patent literaturo has adopted the term "Stoilsahrauben" 
(autogiro rotors) to dif f orentiato them from tho evontual- 
ly existent regular propollors. 

Among tho rotating-wing aircraft we differentiate the 
limiting cases of the helicopter with mechanically driven, 
forward-tilted autogiro rotors and no regular propellers 
("helicopter" in English literature, "gyroplane," accord- 
ing to Breguet), and the autogiro fitted with regular pro- 
peller (autogiro) on which there is no mechanical drive of 
the backward-tilted, windmill-like operating autogiro ro- 
tor in flight. Between these two extremes lies the "Flug- 
schrauber" (a term coined by Th. Ilohring (reference l))» 
or "Holicogyro" (according to V. Isacco (reference 2))» 
with both the regular propellers and the autogiro rotors 
driven nodi anically. Depending upon the power distributed 
over the regular propeller and the autogiro rotors, a holi- 
cogyro can fly in the helicopter or in tho autogiro stage. 



A wealth of information on autogiro problems is found 
in tho reports of J. 3. ffheatloy, who improved and extend- 
ed tho investigations started by H. Olauert (reference 3), 
and subsequently continued by C. N. H. Lock (reference 4). 
Thoatloy has oxplorod tho problom of rotor blades hinged 
to the rotor axis (Cierva) theoretically (reference 5) in 
the wind tunnel (reference 6) and in free-flight tests 
(referenco 7). Just as exhaustively did he investigate 
the Rioselor-Wilf ord rotor, on which each two opposite 



*"Zur Frago dor Fluglei stung on von Drehf luglern. n Inge- 
nieur-Arehiv? vol. 8, December 1937, pp. 433-449. 
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blades are rigidly mounted and jointly able to oscillate, 
freely about the longitudinal axis of the blade (reference 
8). Concerning their aerodynamic quality, the rotors are 
practically equivalent, and wind-tunnel tests with the ro- 
tors in autorotating condition and rectangular blades and 
a solidity (or ratio of total-blade area to swept-disk 
area) of o" = 0.1, give minimum lift/drag ratios of l/5 to 
l/6 ymich, with anallor solidity and for tho characteris- 
tic values of full-scale design can bo lowered to l/8-l/9.* 
In addition, the calculations by L. Brogue^ (reference 9), 
7. Isacco (reference 2, loc.cit.}, H. G. Zunsner (refor- 
enco 10), H. H. Piatt (reforonco 11), and H. B. Squiro 
(rci'cronco 12), have shown some very promising porf oriianco a 
for rotating -wing aircraft in isolated cases. But up to 
the present there has boon no coordinated presentation fron 
v/hich tho influonce of the constants cssontial for the por- 
fornanco of rotating-wing aircraft could bo obtained in 
systematic nannor, nor has there been a comparison with 
the few available test data. The attempt at such a survey 
ia to be uade in the following, whereby nonessential fac- 
tors, such as effect of blade form, blade profile, blade 
number, and blade twist on the performances are disregard- 
ed. Even the torsional flexibility of tho blades- is over- 
looked, although in practice it is very essential for the 
blado incidonce. This oninoion is Justified, according to 
J. A. Eeavan and C. IT. H. Lock (referonce 13), who showed 
that tho torsional flexibility of the blades has scarcely 
any influonce on the efficiency of tho rotor. 



II. THE PLOW THROUGH THE StfEPT-DISS AREA OP THE ROTOR 



The assumption that the induced rate of downwash on 
tho rotor is constant over the disk area rdpresonts, to bo 
sure, an optimum condition for the onergy loss, but even 
so, tho posod assumption affords satisfactory estimates of 
the performance loss in cases whoro.tho optimum condition 
is not conpliod with, similar to tho airfoil theory. Let 



*J. do la Ciorva indicated l/l3 to l/l4 as optimum valuos 
for tho lift/drag ratio of autogiros, oxclusivo of hub 
resictanco (Luftwisaon Ho. 2, 1935, p. 113), but it is not 
quite clear wh'othcr tho results wore obtained by theory 
or by oxporimont. 
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-a donoto tho anglo of attack of the plane of rotor disk 
to the direction of flow (fig, l). The air force S ig 
approxinately perpendicular to, the plane of the rotor disk, 
hence tho induced rate of downwash is' aseuned to he per- 
pendicular to the plane of the rotor disk. Suppose it is 
v 41 at the "blade, or &t infinity, while the flow 

velocity at infinity (flying speed) is v. Then the re- 
sultant velocity at the rotor is 



v (v - v^j sin a) + v^j cos a 

We resort to a fornula originating with H. Qlauert 
(reference 3), according to which tho thrust S is equal 
to twice the product of swept-disk area I", air density, 
p, induced downward velocity at the point of the rotor 
v^j, and tho resultant velocity at tho point of the rotor 

S = T p 2v dl /(r - v dl sin a) 3 + v^i cos a (1) 



This fornula has never heen proved correct except for 
vertical and for approxinately horizontal flow through tho 
swopt-disk area* whilo in the intornodiate zone it prosonts 
an unprovod interpolation. However, this olonent of doubt 
as to tho validity of oquation (l) in tho internodiato 
zono doos not concern us since wo shall confine ourselves 
in the disposition of the ultinate result to tho cited Un- 
iting casos. liquation (l) follows, according to H* G« 
Kussner (rcforonco 10), fron tho nonontun thooren if tho 
air nass participating in the nonontun croation is nade to 
equal tho quantity of flow through a sphere circunscrihing 
the rotor. 



Por snail 
factors c 

equation 



'S 

(1) 



rotor anglo 
(disregarding 

givea : 

S 



of attack 



a, and snail 
in relation to 



__ c _ d v di 
P 0 " 8 v 



thrust 
1), 



(2) 



P \ v B 



that is, a relation expressing Prandtl , s airfoil, theory 
for. a circular "airfoil, and which was proved approxinately 
valid for propellers also (reference 14)# For a = - 90°, 
i.e., for vertical ascent, it gives! 
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or an equation of tho siuple propeller slipatrean thoory. 
Figure 2 shows the thrust. c 8 plotted against for 

different a in logarithnic scale. 

The rate of flow through the plane of the rotor 

disk is, according to figure 1: 

= v^ - r sin a 

for snail a, according to equation (2): 

T d 3 c s 4 - a v 
and for a = - 90°, according to equation (3): 

v d = | (1 +7l + c B ) 

The introduction of the coefficient of advance 7\ = 
? and of tho thrust coofficiont k_ = ?\ a c_ = S/(P £ u a ) 

lZ Bo g 

rof erred to tho tip spood u of the "blade tips, givos for 
tho coofficiont of axial flow = v^/u, tho equations 

X d = |» - a X U> 

applicahlo at snail a and groat X raft 

valid for a = - 90°. 

She angle of attack a in oquation (4) will "be con>« 
sidorod sr.all as long as the sino is exchangeable with tho - 
arc, and tho coolno ig approximately lj that is, up to 
about ±15°. Tho condition of groat * ir_ oquation (4) is 
necosBr.ry hecauso c B was asauned snail in oquation (2). 
Por tho thrust coofflcionto k s encountcrod in practice, 

equation (4) affords anplo appro;:inations p„t X > 0,1. 

Eigh rat os of clino in vertical accent nust be foro- 
gone in tho dlnonsioning of high-spood rotativo-wing aircraft 
as will ho shown. So, except in special casos, ^ in 
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equation (5) nay "be neglected against k B , which leaves 

a 

valid for a = - 90° and V « k B . 

Tho corresponding equation, generalised - that is, 
for any a, reads: 



k B 

if" = <*d + X 8ln 



u T, , 1 2 sin a 1 

L + flin a ) *J3= + B m a J 



III. AERODYNAMIC FORGES ON THE ROTOR 



The following equations established "by H. Glauert 
(reference 15} are applicable to a rotor with rectangular 
untwisted blades which execute a periodic rotatory notion 
about the longitudinal blade axis, so that the rolling and 
pitching Eor.onts of the rotor disappear. As proved by 
C. IT, n. Lock (reference 4), the equations are also approx- 
imately valid for a rotor with hingod blades, provided the 
blades are heavy enough. Thon, however, anglo a mist be 
referred to tho plane of the tip disk aroa, whose nornal 
for tho rotor with hingod blades in flight does not coin- 
cide with tho truo axis of rotation. The slopo of tho 
straight lift line for the blade section is assunod at 
c a f = 6.0. It was conputed with a profile drag coofficient 

o w independent of tho profilo anglo of attack. Tho thrust 

decroaso toward tho blade tips, which depends upon blado 
nunbor and blado loading, is" not allowed for. A furthor 
inaccuracy is introduced by the invalidity of tho initial 
diff orontial oquatlons in tho regions in which the air 
strikes the blado olononts fron tho rear. Still the into— 
gration result is little affected by it so long as tho co- 
offioionts of advance renain modorato. The dynamic pressure 
of a. blado olonont was applied with the velocity conponont 
in the plane of the rotor and perpendicular to the blade 
axis. That is, the radial velocity component is neglected 
and the rate of flow through the plane of the rotor is as- 
sumed to be small in relation to the tip speed. 

The equations for the blade-setting angle referred 
to zoro lift lino, for the thrust coefficient k B , for the 
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(75 T) a g at ) 



effective torque k a = " . whoro T| a H st is tho 



performance on the rotor huh in horsepower, and for tho co- 
efficient of the rearward force nornal to tho rotor asis 

^sn = / — p — T ' whore is the rearward forco nornal 



(p § u a ) 



to tho rotor axis, in rolation to tho coefficient of ad- 
vance in tho piano of tho rotor X* , to tho coefficiont 
of azial flow X^, to the mean "blade incidence £ 0 , to 

tho solidity a, and to the noan profilo drag coofficiont 



c w read as follows: 



* = < 0 *i sln ♦ (S) 

§ * 0 X 1 - EX 1 X d 
•i = S — iT-Ti (9) 



1 + 4? X 



(10) 



*s - Z°[* 0 (l + ! O - | X d - | X' fa] 
k d = 2o " [I* (1 + ) + X d (« q -fx a -fx' (11) 

*M ■ (^ + | *0 ^d)"| *l *d] (12) 

The azinuth angle \|/ io noaourcd fron the rearward sotting 
of tho "blade in direction of tne rotation^ Tho two special 
casos a = — 90 and snail a load to particularly cin- 
plo equations and will "be conoidorod onlyl Tor a = - 90°, 
the inflow volpcity in the plane of tho rotor disappears 
and with it X in equations (9) to (12), loaving * x o 0 , 

k sn = °» and 

k s = 2CT (*o - | *d) valid for a = - 90° (13) 
^d = ^ + X d 2 ff (*o - f X 0 = CT 22 + kfl Xd 

■ 

valid for a = - 90° (14) 
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The coefficient of axial flow X^ ■ dependont on k s 

and X follows fron equation (5) or (6). In the conver- 
sion of the air force coefficients to the wind axis sys- 
ten of coordinates, equation (10) renains approximately 
unchangod for Bnall a-, while the interference coefficient 

kgjj = ** — — (B.^ "being the resultant force component 

along tho flight path (direct ed to the rear) follows as 

^sh = k sn + a k s 

Equations (9) to (12) aro substantially simplified if 

* x = 2* 0 X 1 (15) 

1g aubatituted for equation (9), which presents a good ap- 
proximation for oquation (9) at medium X, in view of tho 
aasumedly small coefficient of axial flow X d « Then wo ob- 
tain for small a, whore the coefficient of advanco X 1 
in tho piano of tho rotor can still be oquatod to tho coof- 
ficiont of advance X in flight direction, tho following 
aquations which , in consideration of tho omissions and in- 
accuracies in tho derivation of Glauort 'a equations may 
raise objections, represent the true conditions - at least, 
as good as those: 

Is ■ (i - i *) - 1 \, 

ka <• o fc 

£ = -f (1 + X ) + X d J 

X^ is taken from equation (4). 

Within the cited limits for a, we find practically 
every flight condition of rotatlng-wing aircraft t level 
flight, climb and glide with moderate angle of climb and 
glide, the autogiro stage with backward- til ted rotor axis, 
the helicopter stage with rotor axis tilted forward, and 
the intermediate stage b of the holicogyro. Por hovering 
and vertical ascent, the respective equations (5), (6), 



valid for small a f , R \ 

(-15° < a < + 15°) U6; 

valid for small a {-it's 

(-15° < a < + i 5 o) u " 

valid for small a f-, a \ 

(-15° < a < + 15*) U8; 
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(13), and (14) are applicable. Tor the deternination of 
the sinking speed in vertical descent (a = 90°) with 
power off, 'a rotor drag coefficient of gt a can 
ho assunod. 

Then tho air-force coefficients can he oonputed if tho 
goonetric constants 4 0 and 0", the profile drag c^ 

and tho constants X and a for tho flight condition aro 
givon. Tho oquations are nost conveniently solved if k s 

and X are given, because then- X^ can ho conputod fron 
equation (16), and a fron oquation (4), so that all torns 
on tho right-hand sldo of oquations (17) and (18) are 
known* 

17. QUALITY OF ROTATIIIG-TTIITG AIECEAFT 



As criterion for tho quality of an airplane in high- 
spood flight, tho factor* used is 



Hb - 



v q 

270 it 



(19) 



wheroin G = gross weight in kilograns, v tho flying spood 
in kilonctors por hour, and U = horsopowor. Tho airplano 
is thon particularly wo.ll. suited for high spood if, with 
givon flying spoed v, tho factor Tig and consequently, 
the powor loading G/l* is as groat as possible. Tor the 
fixed-wing aircraft in horizontal flight, the equation 



Tls = 



(20) 



5 wg 



°a = 



is applicable, whore Tig = propeller officiency, 
lift coefficient, and c^g s= total drag coefficlont. 

As criterion for tho quality in clinbing, tho factor* 



'St 



37.5 3J 




(21) 



is usod, where G = gross weight, T = wing or owept-disk 



*This is tho woll-known figure of merit which, on fixed- 
wing aircraft, follows as tho product of the rociprocal 
glide coefficlont with tho propeller efficiency. 
**T)st ls 00 chosen that for Ideal propeller of vanishing 
blado friction (c,, = 0) in hovoring (X = 0 in equations 
(5) and (14)), it assumos tho valuo 1. 
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area, IT = horsepower, and p Q =• air density at sea lovel. 

The airplane .is particularly suited for clinhing if, with 
given wing loading "G/T; the factor- T| gtr and conse- 
quently, the power loading G/n is as great as possible, 
thuB assuring a largo reserve of olinb. The equation for 
fixed-wing aircraft in horizontal flight io: 



rg 



How the corresponding equations are to he derived 
for the rotating-wing aircraft, and under the assumption 
that the airplane has a rogular propel ler and part of the 
cngino output, is carried into tho propoller. The total 
drag ^sbofficient of the rotating-wing aircraft is k Bn ' + 
q> ff X , Thereby q> a P is the equivalent parasite area 
of tho nonliving parte of the aircraft; or, in other 
words, <» indicates the ratio of equivalent parasito area 
to "blade aroa* Sinco the whole drag nust ho ovorcone hy 
the rogular propollor, its sharo of tho powor is: 

k oh + <p ct X B p a 
Z = T1 Z | u P V 

The porfornance quota of tho autogiro rotor is: 

U = £ u a j u 

with an assunod nechanicnl gear efficiency of TIq. Desig- 
nating tho ratio of autogiro rotor porfornance to total 
porfornanco with v gives for this ratio the equation: 



n St 



w z + *st 



~ v =» = — ^ (23) 



1 



^d 

The value for the high-Bpeod factor Tl s is, according to 
equation (l9)x 

* Tift 

= kf" "Io jT— 5 5 — (24) 

d k d + ff| X (k Bh + «P CT X 8 ) 
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and for the speed-of-climh factor T|gt' according to equa- 
tion (21): 



1st - ^ 



3 /a 



2kd 



0.5 k B 3/a Tjg. 



k a + 5fl \ ( ksh + q, CT X a ) 



(25) 



Comparing equation (24) with equation (25) gives: 

1st = ~ 2X 



(26) 



Hot;, assuming = T|g,, the insertion of equations 

(4), (17), and (18) into equation (24) givos the equation: 



Tls = 



^S 

2d 



2X 



a 



2 



(27) 



in which the rotor angle of attack a or, what is the 
same, the holicogyro constant v, is no longer present. 
Tig -fc * s given through equation (26). Assuming the mechan- 
ical efficiency of tho power transfer to tho autogiro ro- 
tor to ho oqual to tho aorodynamic officioncy of the powor 
conversion in the rogular propollor, tho high-speed and 
climhing factors of a rotatlng-wing aircraft aro not do- 
pondent upon whether its stago is that of a holicoptor 
with rotor. tiltod forward, or of an autogiro with backward- 
tiltod autorotating rotor, or of an intormodiato holico- 
gyro stago, The departures from this theorem, hasod upon 
tho assumed constancy of profile drag c w with blade in- 
cidonco, aro discussed in section VIII. 

Equation (27) is also roadily obtainable from a con- 
sideration of tho onorgy loss according to H. Glauort 
(roforonco 3). TTith blade number, t = blade chord, 
r = distance of a blado olement from tho rotor contor, and 
H = rotor radius, the blado friction onorgy for small co- 
offlciont' of axial flow and small rotor-blado anglo, is 
approximately : 



2n E 



ff ( x ^ * + i) 



dr d* 



o o 
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Here the stream- velocity- in blade azos direction is dis- 

regarded and the integrand in the stage of "backward inflow - 

that is, within the disk £~= ~ X ' sin 'ty ' is inserted with 

B 

wrong sign. But we could also (as, for instance, in Wheat- 
ley's, roports) carry out the integration in the regions 
for forward and "backward inflow separately and with differ- 
ent aeon drag coefficients, hut wo shall . concede the some 
omissions as in equations (8) to (12), and so confine our— 
solves to modlum oooffioionts of advance* 

Inserting tho solidity a = at/wB, the integration 
gives: 

u , | m . , „ £ (* + J) 

The energy of momentum creation is Uj_ a S v^ or with 
equation (2) 

!i . e u . , .. 

v 2 4>r 

Tho resistance energy of the parasite residual resistance 
is 

P 8 

U w = v^I , u a X <pcr 

Accordingly, the total porfornance B (n kg/s) roquirod 
for horizontal flight is:. 

p 

which, written in equation (19) with fl = S e k 9 - J u a 

and with consideration of the dimensions of B and v up 
to factor TJq. stipulated in equation (19), gives equation 
(27) which, with the citod assumptions and limitations, is 
applloahlo to any rotor angle of attack a, and any blade 
angle of attack « 

While equations (27) and (28) lose their validity at 
small coefficients of advance, equation (28) con also he 
employ od at any othor low-flying speed, according to 
Kussnor (roferonco 10), by substituting tho spood at the 
point of tho rotor for the flying spoed v, and forming 
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tho coofficiont of advance with tho spood at tho rotor. 
Thoro io littlo diffcronco if the flying speeds are high, 
"because then tho inducod volocity is small relative to tho 
flying spood. In tho hovoring stago v^ and substi- 
tute for v and X in oquation (28). By disregarding 

relative to 1.0 and considering oquation (5), equa- 
tion (28) is identical with equation (14), which proves 
tho correctness of equation (28) in tho now meaning of tho 
signs for "both vanishing and higher flying spood. Accord- 
ing to Kussner, tho parenthesos of oquation (28 ) |( contain 
tho torm (4X + l/X) instead of (3X + l/X). Eussner's 
vnluo is approximately reached at high flying speeds if 
tho flow velocity in direction of tho "blade axos is taken 
into consideration; it is approximately roachod at zoro 
flying spood if tho velocity porpondicular to the plane of 
tho rotor is considered. In the latter case tho diffor- 
enco is nogligiblo bocauso of the small coofficiont of ax- 
ial flow. .Even at highor coefficients of advanco tho dif- 
ference remains within the scopo of accuracy of tho pres- 
ent theory. The omitted radial velocities in oquation 
(28) con, moreover, he Justified as a certain allowanco 
for c w roduction of tho blade profile in yaw. 

In tho following, equations (27) and (28) are usod in 
thoir original form -that is, with v = flying speed, \ = 
coofficiont of advance, and X > 0.1 = limit of validity. 
Tho caso of \ = 0 is troatod soparatoly. Tho total ro- 
sult then differs very littlo from that obtained with 
Sussnor's performance formula. 



to oquation (14). Tho climhing factor for hovoring is, 
according to oquation (25): 



V. H0VERII7G A17D VERTICAL ASOEUT 



Eor a = - 90° and X = 0, we have k B 
cording to oquation: (6), and k d = + 4X d 3 , 



4 Xfl 8 , ac- 



ac cording 




1 + 



1 



c. 



(29) 



T7a 
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Tho quantity . k fl /2a is a measure for the aerodynamic 

■ blade loading* . The choice of this quantity, with given 
rotor dimensions - that is, the selection of the rotative 
speed, is govorned "by various factors. If a rotating-wing 
aircraft is, to shotr particularly good slow spoods, tho 
climbing factor flg^, which irises with k fl /2a, according 

to equation (29), is decisive. In roality, Tl st reachos,' 

as a result of separation of flow at the blades, a maximum 
at too high inflow angles, and drops again at still higher 
hi ado loadings. If tho rotating-wing aircraft is to excol 
at high spood, tho high-spood factor, according to equa- 
tion (27), is decisive which reachos its maximum at BUh- 
stontially lowor k B /2cr, - to which should he added that, 

owing to tho poriodio rotations of the blades about tho 
longitudinal axis for tho purpose of equalising the roll- 
ing and pitching moments at high spood, the air-atroam 
angles for oqual k Q /20" are in places substantially 
groat or than in low- spood flight. In rotating-wing air- 
craft with coefficients of advanco as high as X = 0.4, 
the ratio k a /2cr should never exceed 0.1; in fact, it 

should bo loss than that for hlghor coefficients of ad- 
vance According to equation (29), it appears that the 
climbing, factor incroasos unlimitodly with increasing 
solidity a. But owing to the omitted thrust docreaso at 
tho blndo tipB which incroaso3 with tho solidity, l\st 
roachos on optimum boforo vory groat solidity. lor k a /2o* 
= 0.1, this optimum should lio at a = 0.06 to 0.08. 
Figaro 3 shows the climbing factor T| st for hovering, ac- 
cording td oquation (29), against or for c w = 0.016 and 
k a / 2a = 0.09. Tho thrust docreaso at tho blade tips hao 

subsequently bcon corrected by a thrust reduction factor 
0.9, and oquation" (29) was roplacod by 

_ 0.85 / \ 

Tl st = " (30) 

, . w 

A relation for vortical ascont is obtained by insert- 
ing equation (6) in equation (14): 
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In consequence, if k io denotes the effective torque for 
hovering X s 0 and k fl = constant : . 



k„X 



or 



■ -i. + f. 



valid for a = - 9(r 



and X « k 



s 



valid for a = - 90 c 
and X s « k fl 



(31) 



In vertical ascent*, a helicopter with moderate dint- 
ing speed requires only half the power required for ver- 
tical ascent as excess over the power required for level 
flight. Compared to a fixed-wing aircraft, tho helicopter 
requires in vortical ascont only half the climbing rosorvo. 



VI. HORIZONTAL FLIGHT AND TAWING ASCENT 



To illustrate the conditions in horizontal flight and 
in yawing ascent, equations (26) and (27) are evaluatod in 

k a 

figuro 4, whoreby o v = 0.016 and = 0,09 as "before, 

and the thrust decroaso at tho blado tips is allowod for 
"by a suoGOquontly ap-oliod thrust reduction factor of 0,9, 
so that equation (27} is replaced "by 



which contains tho mochanical transmission officioncy .or 
tho propollor efficioncy at TIq. = T| z = 1. Tho solidity is 

choson at a = 0.05. Tho curvos aro plottod for difforcnt 
ratios <P of equivalent parasito area to "blade aroa. Tho 
highost horizontal spood is dotornined as follows: Deter- 
mine Tlg^. from tho powor loading G/N, tho "blado loading 

G/P, and tho air-density ratio P 0 /P i according to equa- 
tion (21). Tho straight lino T) st = constant of figuro 4, 

intorsocts tho curvo <P = constant in tho T|g^. diagram 
at ono or two points. Transferring tho points of intorsoo- 
tion to the corresponding curvo in tho Tig chart gives, 
with tho aid of 
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tho naxinun and. nininun horizontal apeed at full throttlo, 
whereby tho latter is zero if in our case T)g^. < 0*60. To 

obtain the highest possible speed for a given power load- 
ing the hlade loading G/l nust he so ohoaen that 
the intersection of the straight lino Tl st a constant with 
the particular q> curve in the T]g t chart lies exactly on 
the optinun of the corresponding tp curve in the Tig 
chart. Then, however, the speed range is very snail; for 
qp = 0,05, for exanple, it nnounts to 7:2. Since in tho 
design of rotating-wing aircraft it is of particular in- 
portance to exploit the potentialities of a high speed 
range, it is necessary in our case to operate "beyond the 
optinun high-spaed factor. Lowering the nininun spoed to 
zero hy reducing the hlade loading results for cp a 0.05 
in a decrease of the naxinun speed in tho ratio of 7:6.3 
as conpared to tho optinun. By an onlargenent of the ro- 
tor .equivalent tp a noro 10-porcent los3 in naxinun spood 
conpared to tho absolute optinun, the speod range is 
raised fron .1:0.29 to 1:0. Here is where the nost sig- 
nificant characteristic of the rotating-wing aircraft as- 
serts itsolf. 

Tho clinbing pcrfornanoo is easily dotornined within 
tho scope of validity of equation (32) - that is, down to 
X £ 0.1, because then the excess power available in hori- 
zontal flight 1b equal to the power required for vertical 
ascent. (It is presuned that in the calculation of T|s t • 
according to equation (21 ), the transnlssion loss, or the 
propeller loss, respectively, is no longer contained in 
the perfornance N, since figure 4 is valid for T)q. = T\z a 
1.) The approxinate equivalence of power required for 
vertical ascent (grosB weight tines vertioal cllnbing ve- 
locity) and the excessive thrust horsepower of the regular 
propellers relative to horizontal flight is, for fixed- 
wing aircraft and auto giro s bound, as is known, only to 
tho condition of nodorato clinbing angles. According to' 
the dictun voiced in soction IT, the sun of the perforn- 
ance of the autoglro rotor at tho hub and of the thrust 
horsepower of tho regular propollor at great oo efficients 
of advonco, is not affected by the flight condition, 
whether in helicopter, autoglro, or holicogyro stage. Con- 
sequently, the power required for vertical ascent, ovon of 
helicopters and holicogyros in clinbing at noderate clinb- 
ing anglos is equal to the pure excess power* (less trans- 
nlssion and propeller losses) conpared to horizontal flight 
This does not apply to clinb at great angles, as shown in 
soction V. If Tl St maz is the valuo of the climbing fac- 
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tor, according to figure 4 and T|gj. as obtained from aqua- 
tion (21) tho equation for maximum rate ' of climb is 



(w in n/fl, U in hp.). T7ith T|s t = °« 6 61114 <P 85 0.05 
in the above oxanplo, tho obtained minimum speed was exact- 
ly zero. The climbing reserve at the. speod of optinun 
clinh then almost equals half the power required for lcvol 
flight. Tho speed of "best clinh conpared to a fixed-wing 
aircraft lo low - hero, 0.45 of the maximum speod. As a 
gcnoral rulo, the rotating-ving aircraft with minimum 
speod = zoro, poasessos good climbing powors, while its 
speod of host clinh is low. 

The ohtainnont of climbing power in vortical ascent 
necessitates an onlargenent of the rotor up to Tig ^ val- 
ues fron loss thunO.6 in our caso. But as this means a 
furthor do croaao in maximum cpocd, tho rotating-wlng air- 
craft, whon usod as high-spood craft, will havo a nodorato 
rato of cllmh in vortical ascent. 

In flight at higher altitudes Tlgt increases with 
</ p Q / p and the spood rango is accordingly quickly lowered 

Tho rotatir.g-wing aircraft retains tho typical helicopter 
characteristics at low altitudes only, unless abnormally 
largo rotors are usod for high-spood flight. 

Tho solidity effect a is readily oboorved fron equa- 
tions' (16), (26), and (32). For great ^ , Tl s is almost 

unaffectod by a, according to equation- (32), whilo k g 

increases with O" according to equation (16), and Tig ^ 



downward, and thoso on tho ri^ht remain approximately tho 
same. Eoducing a by 50 porcont, for example, tho in- 
tersection with tho curve qp = 0.05 can, for T)st = 0.6, 
be brought to tho point of optimum of the corresponding 
curvo in tho T|g diagram. Tho maximum speed would rise 
10 percent, but the rate of climb would drop by moro than 
50 percont. Thus, solidities substantially less than. 0.05 
aro impractical because they involve an abnormal drop in 
climbing power. 



N 75 Tls t max 
G ^St max 



(34) 
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711. COilPARISOS ITITH IXPEHILTHTTS 



The nost exhaustive wind-tunnol data on autogiro ro- 
tors available are those "by J* B. Wheat loy (referonoo 6). 
Dhoy aro, to "bo euro, rostrlotod to the autorotation stjagos 
"but equation. (27) and figure 4 retain their validity for 
flight conditions with autorotation as woll as for holi- 
coptor and holicogyro flight stages, hence the comparison 
with tfhoatloy's researches attains general significance. 

Figure 5 shows tho high-speed factor 1\& for an auto- 
giro rotor with H.A.C.A. soction 4412, a solidity cr « 0.1 

and an aorodynanic blado loading of g^- = 0.072 plotted 

against coofficiont of advanco X (dashod curve) as con- 
parod with tho result fron equation (32) for c^ = 0.016. 

Up to X = 0.3, tho agroenent with tho calculation is 
good; boyond that figure tho orrors connitted in tho cal- 
culation, especially tho onission of flow separation at 
largo angles of attack, aro notlcoablo. Since these proc- 
esses aro intlnately associated with the Reynolds Bunbor, 
it nay ho assuned that for tho full scale the curve will 
approach tho computed curvo noro closely, so that up to 
ahout X = 0,4, tho calculation should give acceptable 
values. 

In figure 6 tho high-spood factor T)s at X = 0.3 
is plotted for the sane autogiro rotor against the aorody- 
nanic "blade loading k B /2ff (dashed curvo) in conparison 
with tho result of equation (32) for =• 0.016. At 

snail "blade loading the calculatod drag coofficiont c w 
is, as is seen, too high; at higher k B /2a too low, aside? 
fron tho "burbling phononona which aoconpany lt« In viow of 
tho pronounced schonatization of tho flow on the rotor ef- 
fected in the theory, the result nust suffice. 

. A further potential sourco of conparison is found in 
tho wlnd-tunnol tosts published hy H. E. Piatt . (ref oronoo 
11). His rotor "blades, like tfheatloy's, had rectangular 
tips and no twist; tho solidity was a = 0.067. His tost 
points roducod to a residual parasite area por hlado aroa 
ratio of cp = 0.06 are included in figure 4. On naking 
tho conparison, it should he notod.that the solidity was a 
littlo highor than 0.05, and tho aorodynanic "blade load-* 
ing k a /2a, a littlo lowor than 0.09, as assuned in tho 
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mathonatical curves of figure 4 - both influences which, 
also.,, according to equation (32), vitiate the high-speed 
factor in relation to the curves shown in figure 4* In 
contrast to Wheatloy f s oxperinonts in tho autogiro stage, 
the togto horo relate to the helicopter stago with the 
autogiro rotor axis tilted forward. Equation (32) there- 
fore actually portrays exporiuonts in tho autogiro stago 
and oxporinonts in the holicopter stago vory satisfactorily. 

Tho published experiments on propellers in yaw with 
zero or slight blade twist, are herewith exhaustod, but a 
nunbor of wind-tunnol noasurenents are avnilablo on tho 
hovering stago and the stago of vortical ascent. Piatt's 
autogiro rotor with rectangular blades of zero twist (ref- 
erence 11) described above, has at around k a /2a = 0*08 a 

clinbing factor in hovering, of Tlg^ = 0.62, which agroos 
well with figures 3 and 4. A colloction of Gottingon wind- 
tunnol tosts on propellers of low pitch at the torque 
stand and at low \ is given in the report by 0. tfalchncr 
(roforonce 16) along with tho rosults of his calculations. 
His Tlst valuos for hovoring range botwoon 0.69 and 0.74; 
tho reason for tho highor values compared to those by 
Piatt, is tho cCnparativoly pronounced blado twist (pitch/ 

dianotor g = 0,3 to 0.5). That blades with such twist 
are vory unfavorable in high-speed flight is proved by tho 
exporinents of 0.. Plachsbart and G. Krober (reference 17). 
Such rotors are inpractical for high-spoed autogiro s. 
Uuch infornation about the anticipated figuros of norit 
T] st in tho hovering stage is vouchsafed in G. Schoppo's 

compilation of flown holicoptor porfornancos (roforonco 
18). The Tl st values of tho bettor helicopters, rango - 

depending on twist - botwoon 0.64 and 0.73 for single ro- 
tors, and 20 to 30 percent highor for suporposed, oppo- 
sitely rotating rotors. 

Till. HELICOPTER , HELI00GTHO, AND AUTOGIHO 

Por tho plotting of the curvos of figuro 4, it was 
assunod that tho of f lcioncy . of the regular propeller is 
oqual to the nechanieal efficiency of tho transnission of 
powor to the autogiro rotor. Only thus was it possiblo to 
sot up genorally applicable curvos for holicopter, holico- 
gyro , and autogiro. The off lcioncy of tho rogular propol- 
lor Is usually Inferior to the nochanical officiency of 
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the power transmission to the autogiro rotor, so that the 
flight stages approaching the helicopter would he prefor- 
able to the "stages approaching the autogiro. At high-., 
speed flight, of course, the difference between helicopter 
and autogyro . porformanco is not groat, with propeller of- 
ficiencios. around 0.8 and mechanical efficiencies of from 
0.85 to .0*95; Vith its inferior propellor efficiency in 
climb, a holicoptor will, in general* he substantially 
superior to the autogiro oven with duo allowance for tho 
greater driving-gear weight of tho helicopter. 

Thus far it had boon - assumed that the component of tho 
flow velocity perpendicular to the plane of the rotor' v d , 

had no offect on the flight porfomances, since the drag 
coefficient c^ of the blade elonents was prosumod to bo 
indopondent of tho angle of attack. In roality, tho rato 
of axial flow and the blade twist must be so attunod to 
ono another that for a glv'on offoctivo torque' k 8 the an— 
glos of attack of tho blade elononts and consequently, tho 
drag coofficlents of tho blado elements aro on an average 
as small as possible. Tho coefficient of axial flow 
for tho holicopter stage follows from oquation (17) with 
k 4 = 0 at 



or with c^ = 0.016 and. k a /2(T = 0.09 as 

X d = - 0.0222 (1 + X B ) (35a) 

Oonsoquontly , so long as tho coefficients of advonco ro- 
main modorato, the coofficiont of axial flow of tho nuto- 
giro remains nearly unchanged. 

Tho coefficient of axial flow for tho autogiro follows 
from equations (18) and (4) with allowanco for tho torm 

te.bo written in (18) for the parasite rosidual drag 
with kgk a 0 at 
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or with o v = 0.016, -J 3 0.09, and C a 0.05 at 

X d = 0.0045 + 0.0444 X* + 6.55 q> X 3 (36a) 

Tor X = 0.4 and cp = 0.05, it givos X d = 0.0294; ftr 
cp = 0.1, it is X^ = 0.0462. In contrast to tho autogiro, 

tho holicoptbr theroforo manifests a narkod rise in coof- 
ficiont of axial flow as tho flying spoed increases and a 
further" riao in X^ with incroasing parasite rosidual ro- 
si stance of tho aircraft. For adaptation- to tho downward 
flow through the swept-disk area, a blade twist would bo 
necessary. But as this narrows the Unit of the autoro— 
tation range in tho autogiro stage, reasons of safety in 
flight demand either zoro or at tho most only slightly 
twistod blados. TTith zero blado twist, an optimum value 
of tho figure of merit can "bo expoctod for a given thrust 
coofficiont k B in a flight condition in which the piano 

of the rotor is approximately parallol to tho direction of 
flight or, with consideration of the induced rato of down- 
wash, is slightly positive in flight direction. Devia- 
tions toward the autogiro stage entail no substantial viti- 
ation with respoct to the optimum value, because the co- 
officiont of axial flow is small in a suitably constructed 
autogiro, according to equation (35). But in tho holicoptor 
stage, especially . at hlgh-3pood flight and with higher ro- 
sidual rosistancos as a result of tho greater X^ accord- 
ing to equation (36), a perceptibly poorer figure of morit 
must bo lookod for conparod to tho optimum value at van- 
ishing axial flow. 

To givo an idea of tho holicogyro stages in which tho 
probablo optimum of vanishing X^ is attained, tho powor 

ratio v of tho autogiro performance to total perform- 
ance is computed according to oquation (36), with k& and 
k s k insorted, according to aquations (17) and (18), and 
a according to oquation (4), all for X^ = 0. Then, equat- 
ing the goar ratio Tig. to tho propollor efficiency T) z 
affords the oquation: 
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which In figure 7 (solid curve) is-plotted for q> = 0.05, 

. . . k„ 

c w b 0.016, = 0.09, "and ff ■- 0.05. - In • the principal 

flight range v lies botwoon 0.4 and 0.55; the autogiro 
rotor consumes only ahout 50 percent of the power. 

A spocial typo of holioogyro, suggested anong others, 
"by Oohnichon (Trench patont No. 672670) consists in hav- 
ing the roaction torquo of tho rotor taken up "by a regular 
propellor mounted laterally from the fuselage, which pro- 
duces a thrust in the direction of flight. If a is the 
distance of the regular propeller axis from that of the 
rotor, and H the radius of the rotor, the assumption of 
TIq. = T|z giveo the readily derived equation: 

V = I - (38) 

1 + X a 
a 

She corresponding curves for g = 0.5, and |; = 0.25 

have "been Included In figure 7 (dashed curves). The ar- 
rangement of a regular propeller at 1/4 to l/2 of the ro- 
tor radius away from the rotor axis and the control of the 
thrust of this regular propeller so as to exactly "balance 
the rotor torque, leads to an aircraft that operates ovor 
a wide flight rango in the vicinity of the optimum at 
X^ = 0. Since the propeller efficiency is substantially 

lower a$ low flight speeds, such an airplane is inferior 
in tho low-spood range to a helicopter of the same wing 
loading. 

The wrltor doos not boliovo that thoro 'la any reason 
as yot to prefer this or that typo of rotating-wlng air- 
craft, as stated in so many reports on rotating-wlng air- 
craft with Vj&rying. rosults. The autogiro will "be out of 
tho competition if there is constructed a holicopter or 
hellcogyro of equal reliability with moderately higher 
weight, as 'then the poorer flight performances of tho au- 
togiro at low-spood flight and climb could no longor "be 
justified. Llkowiso, the appraisal of tho other known 
typos i countorrotating roton-s side hy side or one abovo the 
othor, slnglo-rotor type with torque balance through auxil- 
iary propeller or auxiliary surfaoos or with torque-freo 
rotor drive through rotating propeller, oomhustion noss- 
zles or flapping wings can only be givon on the oasis of 
matured designs. The following examplos will give a brief 
survoy of the practical potentialities of rotating-wlng 
aircraft. 
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IX. EXAMPLES 



Tho oranples aro "baBod on the curves of figure 4: 
that is, rotor solidity <j = 0.05, and aerodynamic "blade 
k H 

loading = 0.09. The rotor speeds at high- and low- 

apeod flight are identical. The maintenance of constant 
speod naturally requires control of tho rotor-blade inci- 
donco, which 1b an obvious requirement for a holicoptcr 
and horo is assumed for tho autogire also. Tho flight 
performances can he somewhat improvod if tho apoed can ho 
changed in flight with tho aid of a control gear, so that 
tomporarlly the optimum value is ohtainahlo. As long as 
it doos not involve the velocity of sound as limit, tho 
flight performances can ho improvod hy lowering the r.p.n. 
in low-spoed flight rolativo to high speed because tho 
moan blade angle of attack at which burbling takes placo 
in spots, lios higher in lor-spood flight at the lower pe- 
riodic rotatory motions of the blade about the longitudi- 
nal axis* If the sound velocity enters as limit, the 
r.p.n. must be reduced in highspeed flight, because per- 
ipheral speed and flight speed at the advancing blado be- 
come additive. On flight porfornancea wo compute: the 
maximum speed, maximum speod of climb, speod of climb in 
vertical ascent, mini-run speed with full throttle, and 
sinking speed in vortical descent (c_ = 1*3), all for 
sea level. Given is the power loading G/U. Tho choice 
of blado loading depends upon whother more stress is laid 
upon slow-flight porf ormancos , including climb, or upon 
high spood. The choice of blade loading then decides tho 
rotor tip speod also. Tho examples aro computed for a 
slnglo rotor or sido-by-sido rotor arrangomont. Tho data 
with tho exception of thoso for vortical ascent and do- 
scont, aro approximately applicable also for superposed 
rotors of a = 0.025 solidity oach, if the blado loading 
is roforrod to the swopt-disk area of one of tho rotors. 

For two rotors, one above the other in vertical as- 
cent with around T\$t = 0.75 instead of 0.60, can bo 
figured. 

a) Auto/riro rononbling aimln n a. type 0.30 .- The 
curve cp = 0.1 of figure 4, servos as basis. The gross 
weight is G = 850 kg, tho engine output N = 140 hp. 
The blado loading is assumed at 8.5 kg/m a , giving a rotor 
diameter of D = 11.3 m; n = 207 r.p.m., and a tip speed 
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of u = 123 n/s. She propeller efficiency at top spoed 
- is.. T| z = 0.75. Then we -have J 

= 8.1 JbTE _ 

37.5 " °' 63 

and. according to figure 4, a coofficient of advance- of 
X = 0.4, or a naxinun speed of 

T nax = 123 x °- 4 x 3 - 6 = 176 kE /k 

Lot Tl 2 = 0.60 at the s?ood of optinun clinb - that is, 
^St = °« 79 ' According to flguro 4, no have list max = 1 " 1 
for cp = 0.1: that is, the speed of clinb, according to 
equation (34) is: 



^nar 



_ 140 x 0.6 X 75 ( 1,1 - 0.79\ _ 2 1 i 
850 1.1 ~ J ~ * ' 



At nininun spoed with full throttlo, lot T) z = 0.5, or 

Tlst = °» 94 . an4 * s 0.11, according to figure 4. Con- 
sequently, tho nininun Bpood with. full throttlo is: 

v nln = 123 x 0.11 x 3.6 = 49 kn/h 

This spood is, in roality, higher, sinco tho curves of 
figure 4 are no longor valid for the related high angles 
of attack of the rotor. For power off in vertical descont, 
it is: 



r nin 



- 10.2 n/s 



h) Helicopter of the anno h orHanowar and loading . - 
The increase in weight due to the driving gears is assunod 
at 170 kg, which "brings tho gross weight now to 0 = 1,020 
kg. Tho "blade loading renains . tho . sane , cp = 0.1; the rotor 
dianetor is D = 12.4 n(or 8.7 n each for sido-hy-side ro- 
tors); tho speod is n = 190 r.p.n.; tho tip speed, u = 123 
n/s (n = 270 r.p.n. for sido-hy-sido rotors;. Tho efficien- 
cy of the nochanical powor tronsnission 1b "Hq, 3 0.9. Then 
T| s t = 0.63 as "before, and tho naxinun speed is again . 

v nax = 176 kn /* 



The spood of clinb is: 



24 3T.A.C.A. Technical Uenorandun Ho. 871 



w nax 



1020 V 1.1 / D/B 



The nininun spoed with" full throttlo is: 

T nin 55 4 ' 4 kn / h 

Tho "olado loading "being the sane, the naxinun rate of de- 
scent is the sane as "before. Under the effected assunp- 
tionn the change fron autogiro to helicopter of the sane 
horsopover and loading has left the naxinun speed as "be- 
fore, while the speed of clinh has "becone alnost twice as 
high and tho nininun speed reduced to l/lO. IFith.two 
countcrrotating rotors, ono above tho other, of 12.4 n 
dianoter, a clinbing power in vortical ascent of 

140 x 0.9 x 75 / 0.75 - 0.63> ;3 _ , n „, g 



(O^ZLifitfiS) 2 = 3.0 n/, 

\ 0.75 y 



1020 \ 0.75 

nay "bo . oxpocted. (The factor 2 follows fron oquation 31.) 

c . nolleo-ptor sl nilar to Tie 70 Rlrwla no.- Tho Ho 70 
typo has with G- = 3,300 kg and n = 630 hp. , a spood of 
355 kn/h at sea levol . For tho corresponding helicopter 
tho oano powor loading and a "blade loading of 20 kg/n 8 is 
assunod. Then tho rotor dianotor is D = 14.5 n (that of 
each rotor is D = 10.2 n if two rotors aro nountod side 
by sido), tho spood is n = 250 r.p.n, (355 r.p.n. for two 
rotors sido "by side), and tho tip spood is u = 189 n/s. 
It givoo: 



•n _ 5 .23 V^20 _ en 



37.5 

On account of the propitious "body forn, the curve for to = 
0.05 of figuro 4 is "being used. Thon X = 0,485 and 

T na2 = 0.485 X 189 x 3.6 = 332 kn/h 

Tho spood of clinh is: 

w naT = 630_>L75. (1*11 - 0.6g) = 6 . 6 n / B 
nax 3300 >» 1.17 / ' 

Tho nininun spood with full throttle is: 



v nin = 6 -° kn /k 
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The sinking speed in vertical descent is: 

J '- w nin- ■ 15 - 7 n / B 

Tor two count erro tat ing rotors, one above the other, 
of D = 14.5 n, tho climbing power in vertical ascent 
would "bo : 



630 x 75 
W " 3300 



( 0 - 75 0 : 76 0 - 6g ) ■ - «.« =/. 



no allowance "being nade for eventual weight increases due 
to power-plant installation with framework, or nechanical 
losoos. The conparlson becomes further unfavorable for 
tho rotating-wing aircraft if the cruising performances 
aro involved, "because then the flying speed deoreasos ap- 
proximately proportionately to tho engine powor, whilo for 
tho fixod-wing aircraft tho flying spood drops only ap- 
proximately as 5/1T. Besidos, for various reasons, it .is 
noro difficult to roach sinilar low values of tho parasite 
rosidual rosistanco of tho fixod-wing aircraft. But even 
so, tho rotating-wing aircraft does not show up unfavora- 
bly in comparison with a very efficient fixod-wing typo. 

Uaturally, those data prosont only rough estinations. 
Bre*guet, for instance, aosunes for his 1940 holicoptor 
project, an Tig curve, which is substantially noro favora- 
ble than tho curve cp = 0.05 of figure 4. According to 
hin, his holicoptor should at X = 0.8, roach its naxinun 
hi^h-spood factor Tig, alleged to bo almost 10. Those 
figures c-.ro too favorable according to prosont data, al- 
though a noro careful appraisal of tho f light-porf ornanco 
po nsibilitios of rotating-wing aircraft justifies tho as- 
sumption that a logical dovolopment research on rotating- 
wing aircraft will produce typos which for many purposes 
will bo ouporior to tho orthodox airplano. When appraising 
special typos Buch as Jioselor's Storch Fi 156, it should 
not be overlooked that so far it has beon impossible to 
raiso tho ratio of maximum/ mini mum spood of a fixod-wing 
aircraft boyond 5:1, so that tho rqquiromont of a mini- 
mum spood of, say, 40 km/h for tho purpose of safe fielcl 
landing fundamentally conditions tho maintenance of an up- 
per spood limit of 200 km/h, regardless of tho engine powor 
available. With a rotating-wing aircraft of the samo or 
oven lower ninimum spood, tho samo engino" p6wor affords 
considerably highor maximum speed* 
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RECAPITULATION 

Glauort^ equations for the air forces on propellers 
In yaw with rectangular "blade tips, and with rolling and 
pitching nonent "balance through periodic "blade twist or 
flapping notion, are simplified through an approximate as- 
sumption and servo in discussion of the special characteris- 
tics of helicopters, helicogyros, and autogiros. Formulas 
are developed for high-speed and climbing efficioncy, in 
which the effects of power loading, "blade loading, solidity, 
r.p.m. , and parasite residual resistance on the perform- 
ances of rotating-wing aircraft are roadily observed. 



Translation "by J. Vanier, 
national Advisory Committee 
for Aeronautics. 
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Figure 3. -Climbing factor 

against solidity 
according to eq. (30) . 
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Figure 4.- Climbing 1.0 

and high- 
speed factor against «8 
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Figure 2. -Thrust factor against angle of 
attack and induced velocity. 
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